Atmospheric lidar techniques for the measurement of wind, temperature, and optical properties of aerosols as well as nonintrusive measurement techniques for temperature, density, and bulk velocity in gas flows rely on the exact knowledge of the spectral line shape of the scattered laser light on molecules. A mathematically complex, numerical model (Tenti S6 model) is currently the best model for describing these spectra. In this paper an easy processable, alternative analytical model for describing spontaneous Rayleigh-Brillouin spectra in air at atmospheric conditions is introduced. The deviations between the analytical and Tenti S6 models are shown to be smaller than 0.85%. © 2011 Optical Society of America OCIS codes: 280.3640, 280.1310, 120.1740.2490.
The quasi-elastic scattering of laser light by molecular gases, known as spontaneous Rayleigh-Brillouin (SRB) scattering, is widely used in atmospheric remote sensing applications such as lidar (light detection and ranging) [1] [2] [3] , as well as in nonintrusive diagnostic tools in aerospace applications such as combustion [4] and flow measurements [5] . Whereas the spectrum of the scattered light is needed to retrieve the aerosol content from high spectral resolution lidar data [2] and the wind speed from direct detection wind lidar data [6] , it is used to derive the temperature, density, and bulk velocity of the scattering gas medium by comparing the measured SRB spectrum with appropriate line shape models in combustion and flow measurements [4, 5] .
Basically, the spectrum of SRB scattered light is an image of the velocity distribution of the molecules in the scattering medium, and therefore, it contains information on gas transport properties like heat capacity, thermal conductivity, shear and bulk viscosity as well as on temperature, density (pressure), and bulk velocity. The spectrum of SRB scattered light is commonly expressed as a function of two nondimensional parameters [7] ,
where ω is the angular frequency shift between scattered and incident light, n is the number density, p and T are the gas pressure and temperature, η is the shear viscosity, k ¼ k s − k 0 ¼ 4π=λ sinðθ=2Þ is the magnitude of the interacting wave vector (with k 0 and k s being the wave vectors of the incident and scattered light), λ is the wavelength of the incident light, θ is the scattering angle, and v 0 ¼ ðk B T=mÞ ð1=2Þ the thermal velocity (with k B being the Boltzmann constant and m the molecular mass). Thus, x is the optical frequency shift and y the collision frequency, both normalized with respect to ffiffiffi 2 p kv 0 , which is of the order of the frequency of sound waves in the gas. This gives the possibility to view y as the ratio of the acoustic wavelength to the mean free path between collisions.
For discussing the origin of SRB line shapes, it is useful to define different scattering regimes for different y values. In the Knudsen regime (y ≪ 1), the mean free path between collisions is much larger than the acoustic wavelength and the line profile of the scattered light is described by a Gaussian function [6] . In the hydrodynamic regime (y ≫ 1), the mean free path between collisions is much smaller than the acoustic wavelength and the spectrum of the scattered light is composed of three Lorentzian functions: a central Rayleigh peak and two displaced Brillouin peaks [8] . In the kinetic regime (0:1 ≲ y ≲ 3), which is the relevant regime for most atmospheric applications (e.g., y ¼ 0:05 − 0:4 for lidar measurements with ultraviolet laser light [6] ), the mean free path between collisions is of the order of the acoustic wavelength. To describe the spectrum of the scattered light in that case, one has to resort to solutions of the Boltzmann equation for the density fluctuations [9, 10] to get information about the velocity distribution of the molecules, and therefore, about the SRB spectrum. Thus, there is no analytical solution possible for this equation, only approximative models can be derived.
Based on an approximate solution of the linearized Boltzmann equation, Boley et al. and Tenti et al. [7, 11] described a model (Tenti S6 model) for the spectral line shape of scattered radiation that has widely been applied in atmospheric and aerospace applications [1] [2] [3] [4] [5] [6] . Although the Tenti S6 model was developed for gases of a single-component molecular species and not for gas mixtures such as air, it was recently shown that it is also adequate for the latter case [9, 10] .
However, the mathematically complex, nonanalytical closed form of the Tenti S6 model makes the application to measured data quite circuitous. For example, deriving the temperature from the measured SRB line shape can only be performed by complicated numerical fit procedures, instead of using ordinary least square fit routines as it is common for analytical functions. For the wind retrieval in the frame of the ADM-Aeolus mission, extensive look-up tables for SRB line shapes at different y values has to be calculated. In addition, further processing of the Tenti S6 modeled spectra, e.g. convolution with the instrument function of the measurement system, is hard to achieve. To overcome this situation, an easy processable analytical representation of the Tenti S6 model is empirically derived for SRB spectra in air.
The basic concept of the analytical model is to describe the SRB spectrum Sðx; yÞ in the style of the hydrodynamic regime by superposing a central Gaussian line with standard deviation σ R and integrated intensity A to represent the Rayleigh peak, and two shifted Gaussian lines at AEx B with standard deviation σ B and integrated intensity ð1 − AÞ=2 to represent the Brillouin doublet (see Fig. 1 ).
With 0 ≤ A ≤ 1, the analytically calculated spectrum Sðx; yÞ is normalized to unity integrated intensity and can be written as
In contrast to similar approaches as introduced by Gustavsson [12] and Zheng [13] , the parameters A, σ R , σ B , and x B are now determined solely empirically to obtain the best accordance between Sðx; yÞ and the Tenti S6 model. Actually, the S6 spectrum is depending on four dimensionless parameters which are x and y from Eq. (1), z ¼ η=η B and f ¼ ðmκÞ=ðk B ηÞ, where η B is the bulk viscosity and κ the thermal conductivity of the scattering medium. However, for atmospheric applications, z and f can be approximated to be constant with respect to temperature [14, 15] , although there is a strong demand to prove this approximation with measurements. Taking the transport coefficients of air (m ¼ 4: 15] , z ¼ 1:231 and f ¼ 4:934. Now, a set of Tenti spectra is calculated for atmospheric conditions representing y values between 0 and 1.027. After that, these spectra are fitted with Eq. (2) in a least square fit procedure to find best fit values for A, σ R , σ B , and x B . For the case of y ¼ 0, A is restricted to be unity, and therefore, Sðx; yÞ is only composed of the central Gaussian line with a standard deviation σ R of the Maxwellian velocity distribution. This approach results in a set of A, σ R , σ B , and x B values, depending on y (Fig. 2 , 
The obtained best fit values for A, σ R , σ B , and x B as well as the describing model functions [Eqs. (3)- (6)] are sketched in Fig. 2 . Applying Eqs. (3)- (6) to Eq. (2), an analytical formula for describing SRB line shapes in air valid for y ¼ 0 − 1:027 is introduced. It is worth mentioning that this method can also be performed for other gases, and therefore, gives the possibility to derive an analytical model for SRB line shapes for respective applications.
The goal of the presented approach was the development of an easy processable analytical representation of the Tenti S6 model for SRB line shapes in air for the kinetic regime (y ¼ 0 − 1:027). To demonstrate that this goal is met by the derived model, a direct comparison to the Tenti S6 model is performed by fitting Eqs. (2)- (6) to a set of Tenti S6 lines. The accuracy of representation is thereby quantified by calculating the residual between the Tenti S6 spectrum S T ðx; yÞ and the analytically modeled spectrum S A ðx; yÞ with respect to the peak intensity S T ð0; yÞ according to ððS T ðx; yÞ − S A ðx; yÞÞ=S T ð0; yÞÞ. Examples for y ¼ 0:108, y ¼ 0:507, and y ¼ 1:027 are plotted in Fig. 3 . Figure 3 makes obvious that the deviations between both models are smaller than 0.18% for y ≤ 0:5 and therefore the analytical model is an almost perfect image of the Tenti S6 model in that region. The deviations between both models start to increase for increasing y values (e.g., 0.85% for y ¼ 1:027), which demonstrates that the accordance between the analytical model and the Tenti S6 model is directly depending on y, and that the presented model is restricted to the region y ≤ 1. However, that is the most relevant region for atmospheric remote sensing and aerospace applications [2] [3] [4] [5] [6] .
In conclusion, an easy processable analytical model for the description of SRB line shapes in air was derived. The model is valid for y ¼ 0 − 1:027 and the deviations to the Tenti S6 model are smaller than 0.85% within that region. Therefore, the model was derived using the dimensionless parameters x and y; it can be applied to various applications with different setup configurations.
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